The future of vaccine design
There are about 500,000,000 cases of clinical malaria of varying severity per year. Some 2 million deaths per year result, almost all of which occur in children living in sub-Saharan Africa and are due to Plasmodium falciparum infection (1) . Optimism stemming from the development of vaccines that show some protection against malaria in animals and in malaria-naive humans challenged with laboratory strains of P. falciparum has been dampened by their failure to provide significant, long-lasting protection to individuals living in regions where the disease is endemic. One consequence of the great number of deaths in young children is that malaria has exerted an almost unparalleled selective pressure on humans, leading to the appearance of gene polymorphisms at high frequency, including some for lethal hemoglobinopathies (2) . Polymorphic forms of a number of host genes involved in immunity have been associated with protection or susceptibility to malaria. These are likely to predispose populations to unique immune response patterns to vaccines, which may enhance or interfere with their efficacy. Here, we consider some recent findings on host diversity, particularly of gene products involved in immunity. We then discuss the results from recent human vaccine trials, as well as potential strategies to optimize vaccines for use in malaria-endemic areas.
Immunity to malaria is quite complex and still not completely understood. The cellular arm of the immune system is considered more important in controlling liver-stage infections, although antibodies contribute to protection; humoral immune mechanisms may be more important in controlling the blood stages. The role of other immune system components is not as well defined, but an involvement in resistance to malaria is often inferred where a particular polymorphism is common in individuals living in malaria-endemic areas. Genes that have come under specific scrutiny include those for components of the innate and acquired immune systems: mannose-binding protein (MBP), inducible nitric oxide synthase (iNOS), Fc receptors, cytokines and cytokine receptors, and the class I and class II MHC molecules.
Innate immunity
Innate immune components such as the opsonin MBP, whose circulating levels are influenced by a variety of polymorphic point mutations, may modify complement activation and phagocytosis during infection. Whereas one known MBP mutation shows no association with disease severity in The Gambia (3), the presence of two other variants is associated with low levels of MBP and with risk of severe malaria in Gabonese children (4) . Similarly, recent data suggest a role for iNOS variants, which affect the ability of macrophages to release reactive nitrogen metabolites in response to TNF-α and IFN-γ, and which influence the progression to cerebral malaria (5) and to reinfection and severe infection (6) . Polymorphic variants are known for many other gene products affecting innate immunity, including the complement receptor CR1, an important receptor for infected red blood cells that rosette to form aggregations of infected and uninfected cells. Rosetting parasites are more frequently found in severe malaria than are nonrosetting strains, suggesting that polymorphisms in CR1 that limit rosetting may be selected for. Polymorphisms affecting CR1 structure or density of CR1 on the red-cell surface have been described in individuals living in malaria-endemic areas of West Africa and Thailand, with low density apparently associated with increased disease severity (7).
Adhesion molecules
The presence of variants of genes encoding adhesion molecules, such as ICAM-1 and CD36, may also affect the outcome of malarial infections. These molecules affect endothelial binding, and thus vascular occlusion, by infected erythrocytes. These molecules are also involved in the regulation of immunity; for example,
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ICAM-1 is expressed on activated endothelial cells, dendritic cells, and lymphocytes and is preferentially upregulated on memory T cells (8) . ICAM-1 binding to infected erythrocytes exhibits parasite strain specificity, and one host variant, ICAM-1(Kilifi), is associated with susceptibility to cerebral malaria in West Africa (9) . CD36 is expressed on endothelial cells, platelets, macrophages, and dendritic cells and participates in phagocytosis and lipid metabolism. CD36 exons 10-12 have been shown to occur in numerous polymorphic forms in The Gambia and in Kenya, and several of these forms are associated with susceptibility to cerebral malaria (10) . A subsequently described polymorphism of exon 10 confers protection against severe anemia in heterozygotes in Kenya, by reducing parasite sequestration (11) . There is evidence to suggest that interaction of CD36 on dendritic cells with specific P. falciparum strains leads to defects in dendritic cell maturation (12) . Therefore, polymorphisms in CD36 may affect the priming of immune responses during infection, as well as parasite sequestration.
Geographic heterogeneity has been observed in associations between polymorphic variants of such genes and susceptibility or resistance to malaria (Table 1) . Notably, ICAM-1 variants in West Africa are not associated with disease severity (13) , whereas in Kenya, susceptibility to cerebral malaria is associated with homozygosity for a common mutation in this gene (9) . Excluding the potential for technical limitations of diverse studies, the finding of strong polymorphic host gene associations with protection or susceptibility to malaria in discrete geographic locations should not be discouraging but rather should be useful in providing information about how parasite diversity interacts with local human genetics. Moreover, the potential of single molecules to be under more than one type of selection pressure might contribute to the diversity of the findings. Thus, as in the examples above, cell surface molecule polymorphisms can affect both endothelial adhesion by infected red blood cells and regulation of malaria-specific immunity, as well as immunity to other major bacterial and viral pathogens. Analysis of polymorphisms within the context of distinct functional protein domains could provide new insights into the mechanisms of protective associations with malarial disease.
Cytokines
Cytokines are proteins released by cells to influence the function of other cells through specific receptor binding. Cytokines produced by lymphocytes are also known as lymphokines or interleukins (ILs). Specific immune responses to malaria parasites involve CD8 + T cells and CD4 + Th cells of two types: Th1, principally activating macrophages and releasing inflammatory cytokines TNF-α and -β, IFN-γ, IL-1β, and IL-12; and Th2, principally involved in B cell activation and the production of cytokines such as IL-4 and IL-10. Cytokines of one cell type usually inhibit the development of the other.
There are no clear associations described between malaria resistance and known polymorphisms in most of these cytokines. The exception is TNF-α, whose overproduction is implicated in the pathogenesis of more severe (especially cerebral) forms of malaria (14) . The main source of TNF-α is the macrophage, and it is unknown whether Th1 cells contribute, directly or indirectly (through stimulation by IFN-γ), to the observed high TNF-α levels in malaria. Polymorphic point mutations at a large number of sites in the human TNFα promoter region have been reported. Position -238 is associated with severe (15) or cerebral malaria or malarial anemia (16) in The Gambia, and -308 is associated with cerebral malaria in The Gambia (14) and severe anemia in Sri Lanka (17) . In view of the extent of linkage disequilibrium evident in the MHC region of chromosome 6, a clear picture of the TNF-α variants and their role in infections such as malaria, leishmaniasis, and leprosy may only emerge from studies of haplotype diversity. In this regard, ethnic and geographic distributions of TNFα haplotypes, restricted to or more common in malaria-endemic populations, are now coming to light (18) , suggesting that selection has favored haplotypes involving more than one allele with malarial association.
Acquired immunity
Immunity to various stages of P. falciparum infection contributes to host protection (19 
Antigen presentation
The induction of malaria parasite-specific memory T cells from naive precursors involves interaction of the specific T cell receptor (TCR) with parasite-derived peptides complexed to MHC class I (CD8 T cells) or class II (CD4 T cells) on the surface of antigen-presenting cells (APCs). For full T cell activation, this antigen-specific signal usually requires costimulatory interactions between molecules such as CD28, which are present on T cells, and others, including adhesion molecules of the B7 family, which are found on professional APCs (20) . Cytokines present in the priming microenvironment additionally modulate the nature of the memory T cells being induced. Thus, IL-12 promotes a Th1 secretory phenotype, whereas IL-10 favors a Tr1 (suppressor) response, and IL-4 leads to a Th2 response. CD4 T cell production of IL-2 may be further required for expansion of memory CD8 T cells after priming (20) . The MHC genes themselves are the most polymorphic in the genome, and variants of the antigen-presenting molecules of the class I and class II regions are likely to be major determinants of the success of liver-stage and blood-stage vaccines, respectively. Mouse experiments indicate a major role for IFN-γ-secreting T cells, particularly CD8 T cells, in clearance of liver-stage parasites (19) . P. falciparum-specific CD8 + T cells are found in malaria-exposed humans, although at low precursor frequencies (21) , suggesting that these responses could be boosted by vaccination. In West Africa, the human MHC class I allele B53 is associated with protection against both cerebral malaria and malarial anemia (22) . Potentially consistent with these genetic association data, epitopes from liver-stage antigens are recognized by B53-specific CD8 T cells (23, 24) .
Examination of histocompatibility leukocyte antigen (HLA) class II associations with malaria resistance or immunity has produced variable results. Reduced risk of malarial anemia is observed in The Gambia in association with DRB1*1302 (22) . However, protection against severe malaria is associated with a different MHC class II allele, DRB1*0101, in Kenya (15) , and in Gabon, protection against reinfection and anemia is associated with DQB1*0501 (25) . The allele DQB1*0501 is associated with high IFN-γ responses to liver-stage antigen 1 (LSA1) in Gabon (25) and with high specific antibody titer to a vaccine using the immunodominant region of P. falciparum circumsporozoite (CS) protein in Thailand (26) . Other HLA class II alleles are associated with humoral and other responses to parasite antigens. Thus, DQB1*0301/0302 modulate the antibody response to rRAP1, whereas DQB1*0311 affects responses to rRAP2 (27) . Cytokine induction by LSA1 also appears to be under complex immunogenetic control, since the DQB*0201 and 0301 alleles have been found to favor IL-6 and IFN-γ induction, while DRB1*06 favors IL-10 responses (28) . Cytokine responses to P. falciparum epitopes can vary unpredictably with HLA genotype, from Th1 (e.g., A19, B53/DQB1*0201, DQB1*0301) to Th2 (A2/DRB1*06) and even the dominant production of suppressive cytokines (28) . As with the above-discussed non-MHC genes, the variable findings on MHC associations with malaria severity in different geographic regions might reflect parasite variation, or selection involving other diseases acting on the host population. In addition, the failure to consistently identify protective single genes or alleles suggests that susceptibility to infection is polygenic, with one or two genes predominating, and others acting as modifiers; the latter may vary between populations. Candidates for such genes have been defined in gene-mapping studies in mice infected with various murine malaria strains, and at least three non-MHC-linked regions influencing parameters such as peak parasitemia and survival have been reported. Their importance in regulating outcome of malaria infection in humans must await the fine mapping of the genes responsible and appropriate case control studies in humans (29) (30) (31) .
Antibodies and the Fc receptor
Antibodies that bind to the sporozoite are able to prevent hepatocyte infection (reviewed in ref. 19) , and numerous studies have correlated anti-CS protein antibodies with protection in humans. Parasite antigens expressed on the surface of infected red cells or on free merozoites are also targeted by antibodies. The existence of large families of variable red-cell surface parasite antigens that are not cross-reactive to African serum antibodies suggests that these antibodies exert a strong immune selection pressure on the parasites (32). Specific antibody isotypes and subclasses may play diverse roles in malaria. Thus, high levels of malaria-specific cytophilic antibodies, such as IgG3, are present in malaria-exposed donors and may be protective (33, 34) . By contrast, high IgE levels may contribute to pathology (35, 36) . Inquiry into the involvement of Fc receptors has shown that antibodies can inhibit parasite growth by blocking red cell invasion and may enhance uptake through the Fc receptor and/or complement receptors on phagocytes. In a recent large-scale human case study, a functionally deleterious polymorphism at the Fcγ receptor IIa (CD32) locus was associated with susceptibility to high-density P. falciparum infection, confirming that Fc receptor/antibody interactions are relevant in at least some clinical contexts (33) .
Coevolution of variable hosts and parasites
P. falciparum is estimated to have separated from P. reichnowi soon after simian/human divergence in Africa (37) . Recent analyses, considering a range of mitochondrial, intronic, and exonic DNA sequences, support P. falciparum spreading out of Africa 6,000 to 10,000 years ago, with the rise of agriculture (38, 39) . In addition to environmental bottlenecks affecting the distribution of P. falciparum strains, large-scale human intervention, including malaria prophylaxis and treatment programs, has driven selection of specific drug resistance genes (40) . The patterns of emergent resistance are reminiscent of examples of accelerated evolution in bacteria and underscore the need for an effective vaccine. They also suggest that immune prophylaxis may lead to rapid selection of vaccine-resistant strains or potentially to more virulent strains (41) . Antigenic shift as observed in cycles of influenza infection has been described in P. falciparum. This "short-term" population evolution is probably influenced by strain-specific host immunity each malaria season. The long-term efficacy of any malaria vaccine will depend on induction of immunity not susceptible to seasonal shift. Identification of protective functionally conserved epitopes or all variants of the same protective epitope has thus far proved elusive, but the recent completion of a P. falciparum genome blueprint paves the way for the necessary advances.
Association of specific human HLA alleles with resistance to severe malaria indicates T cells as critical in protective immunity (Table 1) . Paradoxically, other human HLA alleles, such as HLA-B35 in West Africa, are associated with increased susceptibility to infection by specific parasite strains (42, 43) . The underlying reason may be negative immune responses in humans bearing particular restricting HLA alleles to variable parasitederived T cell epitopes. There are two types of negative effects. First, memory T cells confronted simultaneously with two individually stimulatory variant T cell epitopes can receive an altered activation signal through the TCR and remain unresponsive. Costimulation of naive T cells with such altered peptide ligands (APLs) also leads to inefficient priming, and the generation of defective memory T cells, which can proliferate but cannot kill, and which fail to secrete TNF-α or other proinflammatory cytokines in response to parasite T cell epitopes (44) . Second, T cell epitopes can actively promote the secretion of antiinflammatory cytokines (45) . Costimulation of memory CD4 T cells with naturally found APLs from the CS protein of P. falciparum results in preferential production of IL-10, which decreases MHC class II expression on APCs, inhibits NO production, interferes with naive T cell stimulation, and suppresses T cell IFN-γ, TNF-α, GM-CSF, and lymphotoxin production (46) . Therefore, infection by malarial strains that induce IL-10 and express such APLs can benefit the parasite population by generally suppressing immunity.
Is turning off T cells by costimulation with related peptides an Achilles' heel of the immune system that can be generally exploited by pathogens to survive? Or is this interaction between specific APL-bearing malaria parasites and an HLA allele a isolated curiosity? Thus far, APLs capable of altering T cell reactivity have been found for different CD8 and CD4 T cell epitopes in the CS protein of P. falciparum (42, 44, 45) . The pattern of immune reactivity to some newly identified dimorphic T cell epitopes in the major P. falciparum blood-stage antigen merozoite surface protein 1 (MSP1) is also consistent with APLs capable of turning off immunity (47) . Pathogens such as HIV and hepatitis B have now been shown to use APL antagonism as an immune-evasion strategy in individuals of the appropriate HLA type (48, 49) . Evidence is rapidly accumulating that susceptibility of T cells to negative APL signaling may be commonly exploited by pathogens in the interaction between specific human HLA types and strains bearing a subset of T cell epitope variants.
Optimizing vaccine efficacy in malaria-endemic areas
Historically, experimental malaria vaccines have failed to protect humans living in endemic areas of Africa. A variety of new vaccines effective in protecting against malaria in murine models have been recently tested in primates and in naive humans (Table 2 ). Although they are generally of low potency, these vaccines can induce some malaria-specific immunity. The RTS,S vaccine, consisting of recombinant hepatitis particles containing the CS protein, induces antibodies and CD4 T cells and has been shown to confer 41% pre-erythrocytic protection against homologous P. falciparum challenge in naive volunteers (50) . When administered to adults in Africa, this vaccine also induced immunity, which led to short term protection (51, 62) .
Can vaccine design be further optimized to work effectively in malaria-endemic populations? Recent insights into the genetics of the parasite populations and their human hosts in Africa may aid vaccine design. To date, the vaccines that have been tested have usually targeted one, or at most several, proteins of the parasite. Since these proteins (such as CS and MSP1) contain known dominant polymorphic T cell epitopes, vaccination in the field is likely to target only a proportion of all parasites. As well as limiting the number of individuals protected, this approach may select a parasite population resistant to subsequent use of the vaccine. Evidence for vaccine selection of parasite populations has come from the phase IIb trial of a multicomponent vaccine in Papua New Guinea. Following inoculation with one allele of the MSP2 protein, infections and morbid episodes in the study group were preferentially associated with parasites expressing a different allele (53) . Prolonged vaccination protocols requiring multiple administration doses to reach maximum immunity provide weak ongoing immunity, which may be well suited to select vaccine-resistant strains. A powerful but brief immunization schedule may help minimize this problem. In mice, single-dose vaccines able to rapidly induce long-lasting malaria blood-stage protection are being developed, so this may not be an unrealistic expectation (M. Plebanski, unpublished data).
It has been suggested that multiple variant proteins or epitopes be included in a vaccine, in order to target diverse parasite strains simultaneously. However, this not only is difficult, since parasite polymorphisms are still being identified, but may be counterproductive. Multiple variants of an epitope can compete between themselves for binding to MHC, and thus decrease immunity. In addition, as noted above, costimulation with naturally found variant peptides that are APL antagonists can actively suppress protective immune responses. Given the extensive knowledge accumulated on the nature of T cell repertoire/APL interactions, it is now possible to define artificial (superagonist) variants of such epitopes instead, promoting high levels of protective immunity. These variants could then be included in polyepitope vaccines.
As an alternative, selecting proteins or T cell epitopes conserved across P. falciparum strains for inclusion in polyprotein or polyepitope vaccines may be a more fruitful approach. Polyepitope-based DNA-modified vaccinia Ankara strain (MVA) prime-boost immunization went into human trial testing in 1999 after successful animal immunogenicity and protection studies against pre-erythrocytic stage infection (54, 55) . A phase I trial of naive volunteers at the University of Oxford (Oxford, United Kingdom) has provided encouraging results (A.V.S. Hill, personal communication). On this basis, phase I human trials are being further conducted in The Gambia with malaria-exposed volunteers. In 2001, the first clinical trial of another prime-boost regime, fowlpox-MVA immunization, started at the University of Oxford (A.V.S. Hill, personal communication).
The blood-stage MSP1 antigen 19-kDa fragment is mostly conserved and has been used to immunize malaria-naive human volunteers. It induces little antibody (56) but generates significant Th1 and Th2 CD4 T cell lymphokine responses (57) . Adjuvants more powerful than alum may now be tested with this promising antigen. Other largely conserved antigens from blood and liver stages, such as MSP4 and LSA3, have recently shown promise in animal models (58, 59) . Because different HLA types are prevalent and associated with protection in East than in West Africa, it may be useful to focus on including combinations of epitopes and proteins recognized by such diverse HLA types in multiantigen vaccines.
Unfortunately, even powerful vaccines containing conserved targets may fail to induce the right type of immunity to be protective in Africa. Vaccines in the field do not act on a malaria-naive immune canvas but are likely to restimulate pre-existing immunity induced by previous exposure to P. falciparum. If prior exposure for meta-analysis polypeptide vaccine conjugated to alum favors a Th1, Th2, or Tr1 (suppressor) response (45) , this is likely to be conserved upon restimulation, not necessarily to the benefit of the host. In addition, the general Th1/Th2/Tr1 balance in these populations may also be affected by host infection with other pathogens. Notably, intestinal infections are particularly widespread in Africa (60) and may bias donor responsiveness toward a Th2/Tr1 phenotype. This is likely to interfere with the efficient induction of Th1 immunity and thus pre-erythrocytic vaccine efficacy, and potentially erythrocytic stage protection, where this state of immunity is IFN-γ-mediated. Protocols and routes biased to induce Th1 cell immunity include the use of recombinant viral vectors, intradermal immunization, and the addition of cytokines such as IL-12 during vaccination.
Future prospects
Genomics, proteomics, and bioinformatics have now been added to scientists' arsenal for identifying additional groups of proteins for inclusion in multitargeted vaccines. The understanding of the rules of antigen processing and presentation and of T cell activation, as well as crystal structure analysis of antibody-antigen complexes, may help pinpoint regions of proteins able to stimulate the immune system. Structurally constrained parasite protein regions that are suitable by these criteria would offer ideal targets. Superagonist variants of T cell epitopes that selectively stimulate Th1, rather than Th2 or Tr1, production may be further defined for inclusion in polyepitope vaccines to target polymorphic parasite regions (19, 45) .
The immune status of populations upon immunization is also critical to the successful induction of protective immunity. The possibility of rational combined drug treatment (for malaria and/or other selected diseases) and vaccine administration protocols may help provide a human canvas more responsive to vaccines, as negative pathogen immunoregulatory effects are temporarily removed. Although we cannot change the genetics of human populations to make vaccines work better, understanding of the genetics of host-parasite coevolution has already proved its value by pointing out the vital role for both CD8 and CD4 T cells in protection, while genetic associations with the Fc receptor have clarified the role of cytophilic antibodies. Immunogenetic studies converge with laboratory studies in suggesting that a multistage malaria vaccine, capable of inducing both IFN-γ-producing cells, to target liver-stage proteins, and cytophilic antibodies, to block progression to the blood stage, may be the best hope to fight this ancient enemy.
